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The phonon Bragg switch: a proposal to generate sub-picosecond
X-ray pulses

P.H. Bucksbaurh R. Merlin

Department of Physics, The University of Michigan, Ann Arbor, Ml 48109-1120, USA
Received 17 May 1999; accepted 20 May 1999 by A. Pinczuk

Abstract

We discuss a method to modulate an X-ray beam that relies on the scattering of hard X-ray photons by a superlattice of
optical phonons generated by ultrafast laser pulses incident on a Bragg crystal. Using commercially available laser systems and
well-developed techniques for pulse shaping, the crystal lattice motion can be controlled so that efficient Bragg diffraction is
switched on and off in a time comparable to a phonon oscillation period (typically, 0.1-1 ps). A detailed proposal is given for
the case of GaAsD 1999 Elsevier Science Ltd. All rights reserved.
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Third-generation synchrotrons are bright sources of generated by ultrafast laser pulses incident on a
tunable X-rays for applications in physics, chemistry, Bragg mirror. This transient mirror can be configured
biology, and engineering. Most spectroscopic or as an X-ray slicer, to switch sub-picosecond bursts of
imaging problems make use of the high average spec- X-rays out of a single bunch delivered by the synchro-
tral brightness of these sources, which can exceétl 10 tron. The reflectivity can be close to unity during the
X-rays per second within a 10 fractional energy  time when the mirror is gated “on”. Further, the X-ray
band, with beam divergence below 100 Still switch duration can be controlled, and the switch can
more impressive is the peak spectral brightness, be turned on and off several times during a single
which can approach fmonoenergetic hard X-rays pulse of the synchrotron.
per picosecond. This is high enough for diffraction or Recent attempts to produce ultrashort pulses of X-
absorption measurements on the time scale of atomicrays have included short bursts I§f radiation from
motion in molecules and condensed media. laser-induced plasmas [1,2], and laser-induced

The X-ray pulse duration from a synchrotron is on ponderomotive scattering of the electrons in a
the order of 100 ps, which is too long to resolve synchrotron storage ring [3—5]. Still another approach
motion on the 0.1-1 ps scale of molecular dynamics, uses a short laser pulse to melt a Bragg crystal and
so ultrafast X-ray gates or X-ray detectors are needed. interrupt X-ray diffraction [6]. These X-ray experi-
Here we propose a new method to modulate a ments corroborate earlier light scattering conclusions
synchrotron X-ray beam that relies on the scattering that the translational order is lost at least as fast,
of hard X-ray photons by coherent optical phonons and possibly much faster, than the onset of melting

[7-11].
* Corresponding author. We propose to excite a Bragg mirror coherently, so
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Fig. 1. Geometry for the Bragg switch. Optical pulse trains with
wave vectork; andk, create and terminate a transient standing
wave phonon lattice with periodicityr|g|. An ultrafast slice of the
X-rays with incident wave vectoK can Bragg scatter from the
superlattice if it satisfies the Bragg conditiaik = G =+ g, where

G is a reciprocal lattice vector in the crystal.

that instead of melting, the mirror acquires an addi-
tional periodic structure or superlattice. The problem
divides itself into two parts. First, we show that coher-
ent lattice distortions can be introduced rapidly and
reversibly in crystals used for X-ray Bragg mirrors.
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remains in the ground electronic state, there is very
little incoherently absorbed energy that could lead to
heating and melting. Also, large volumes can be
excited uniformly in transparent materials. This is
advantageous because the optical absorption depth
for excitation above the band gap is, in most cases,
much smaller than the X-ray scattering length.

Large amplitude optical phonon distortions do not,
by themselves, change the Bragg condition. Although
they lead to a rearrangement of the atomic positions in
a unit cell, the distortions do not change the cells’ size
and thus, the gross periodicity is unchanged. To
produce a new Bragg angle that is not present natu-
rally in the material, we need to organize the pattern
of ion distortions into a superlattice, i.e. we need to
excite vibrations with high wavevectors, and the
higher the better. The highest wavevector that can
be produced in a Raman process is attained in the
backscattering geometry. In this configuration, two
laser beams with photon momenturh(2wn/A)
impinge the crystal from opposite directions is

Second, we discuss how distortions can be introduced the refractive index), and the lattice scatters photons

with high enough superlattice periodicities (i.e. large
wavevectors) to significantly alter the Bragg angle.
Several experiments have shown recently that opti-
cal excitation of a crystal can lead to large high-
frequency periodic distortions of the lattice [12,13].
To date this effect has only been observed indirectly,
through the time-periodic change of the optical

from one beam into the other one, acquiring momen-
tum g = #(4wn/)) in the process. This results in a
superlattice of periodic amplitude distortions inter-
spersed with nodes, with a period ofr/2] = A/(2n).

For various reasons, the backscattering geometry is
not very convenient for our application. As shown
in Fig. 1, for the case of X-ray scattering from the

constants as the material oscillates at the frequencies(001) surface of GaAs, the preferred geometry

of the optical phonons. Relevant to our proposal are
the small oscillations induced in GaAs following

weak excitation by ultrafast optical pulses above the
direct gap [14]. Much larger amplitudes, up to several

involves two beams incident at angk. For this
case, the superlattice period A4(2 sin#;) which is
larger than that for backscattering.

The Hamiltonian describing coupling of the laser

percent of the natural bond length, have been seen infield to the phonon is [7]:

various materials following intense photoexcitation

[15]. These results have been analyzed in terms of a

model for which the lattice behavior is similar to that
of the vibrational wave packet that forms following
resonant electronic excitation of a molecule.
Excitation below the band gap leads to lattice
motion without electronic excitation. Here, the
mechanism by which light couples to the vibrations
is impulsive stimulated Raman scattering [12,13], and
the relative amplitude of oscillations is comparable to

H=Q) (REEW/?2
i

whereQ(r, t) is the amplitude of the phonon field that
measures the lattice distortioR, the nonlinear
Raman susceptibility tensor anf is the electric
field. This interaction leads to a force density acting
on the ions, given byH/0Q. Coherent phonons can
be generated using one or more pump pulses. In the
single-pump configuration, however, the phonon

those measured in opaque materials [16]. The fact thatwavevector is= n{)/c [7] which is too small for X-
we can excite the lattice and not the electrons has ray applications{) is the phonon frequency. For the

several advantages for our application. If the material

two-pump case, we write the components of the
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electric field associated with the pulsesside the
crystal asE;, = &4(U) Sin(wug + ¢) cogas,), where
s=1,2 andus =t — k¢sI/w. &5 is the slowly varying
amplitude andaj, are the direction cosines .
Assuming thatlk,| = |k;| = nw/c and that the two
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optical phonon frequencies, so that this technique
could be extended to produce switches with less that
20 fs duration.

Consider now the scattering of X-rays by the lattice
in the presence of the coherent-phonon superlattice. In

pulses have the same amplitude, the relevant driving general, the scattering intensity for wavevector trans-

term, i.e. the crossed term, is
2
Fir.ty = W cogqn,
where  R= Y Ry coge}) cogag).q = (ky — k)

andu = r, ¢) wherer , is the component af perpen-
dicular tog. Note that in the case where the two beams
enter the solid at grazing angle| = 4m/A. If we
ignore phonon dispersion, the equation of motion for
the lattice field is &Q/dt®> + Q2 Q= F(r,t). For
pulses of width<: Q! (impulsive limit), the solution

is

t i —
aro=[ S ee s
)
~ Qu®(u) sin(Qu) cogq-r). N

Here ® is the step function and), = R(4Q) *x
[ &%(7) dr. Thus we obtain the well-known result
that the magnitude of the lattice distortion is linearly
proportional to the total laser pulse energy. In the
problem of interest, the effective width of the phonon
superlattice (the X-ray extinction or absorption
depth),l, is such thatnl/c < 2m/Q). As a result, in
Eqg. (1) we can set, = 0.

The optical phonon superlattice created impul-
sively in GaAs is expected to persist for up to tens

fer AK is
2
J(AK) =

>

Z eIAK Thj
n,j

where the sum is over all the atoms in the crystal (the
indicesn andj label, respectively, the unit cells and
the atoms in a single cell). Let us writg; = r{> +
Aryj, where Ar,,; is the displacement from equili-
brium. To lowest order iQ, and fornl/c < 2w/(},

we have

2
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whereM; andey; are the mass and the unit polariza-
tion vectors for thgth-ion, andv¢ is the volume of the

of picoseconds [14] as the optical phonon decays due unit cell. This expression is the main result of our
to coupling to acoustic modes. While decay provides a work. Contained inside the absolute value brackets

natural termination for the superlattice, faster switch-
ing results if we turn off the oscillation coherently by

applying a second laser pulse (or pulses) after a half-

integer number of optical phonon periods. As demon-

is the scattering amplitude as a function of the scat-
tered wave vectohK, the reciprocal lattice vector for
the scatterings, and the phonon superlattice wave-
vectorg. The coherent phonon leads to a new series of

strated in the recent coherent phonon experiments inBragg peaks at angles give by the phase-matching

semimetals [17], this can be achieved by dividing the

condition AK = G = g. If the crystal is oriented

pulses into two parts using a beam splitter and an slightly off the main Bragg reflection and in the proper
optical delay line, so that some of the energy arrives direction, a light-induced diffraction can occur whose
in a second set of pulses at the appropriate time delaytemporal duration can be controlled to be a half-inte-

to de-excite the crystal. With this, the width of the X-
ray switch can be controlled from half of a phonon
period (about 100 fs in GaAs) to ten picoseconds or

ger number of optical phonon periods. The new Bragg
reflections are displaced from those &K = G by
an angle on the order d6/G| = 5x 10™*. Relative

more. Materials such as GaP or diamond have higherto a fully allowed Bragg scattering amplitude, the
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amplitude Ar of the phonon-induced peaks is
suppressed relative to the main Bragg amplitéde
by the factorAp/Ay = G-(3; Ary;) Let | be the inte-
grated intensity of a pulse. From the available data
[12] we can infer values ofAr|/I in the range
103-5x 102 A J Yem? [18]. For strong excnatlon
this gives values of-/A, as large as 10°—10 1. Itis
important to note that the sum in Eq. (2), over the
index j of the atoms within one unit cell, differs
from the conventional expression for the structure
factor and that, as a result, forbidden diffractions
can become allowed. For example, in silicon, the
structure factor for (002) is zero because of destruc-
tive interference between the two identical atoms in
the cell. However, the phonon-induced Bragg peaks
are allowed because the signsegf are opposite for

P.H. Bucksbaum, R. Merlin / Solid State Communications 111 (1999) 535-539

AK = G for an allowed diffraction peak such as (004)
in GaAs have an extinction depth that is much smaller
than the incoherent attenuation length. For example,
just below the absorption edge in GaAs, near 10 keV,
the extinction depth is only about2n, while the
attenuation length is=50 um. This rapid extinction
means that we only need to consider the overlap of the
laser beams and the X-rays in the near-surface region.
The maximum phonon amplitude that can be excited
is limited by multiphoton-induced damage. For light
below the GaAs band edge, atl.5 eV, irreversible
damage occurs for intensities on the order of
102W cm? From the coherent-phonon data for
GaAs |nvoIV|ng 2¢eV photons [14], we estimate
|Arjl =~ 5% 1072 A J %cm? which is consistent
with measurements of the spontaneous Raman cross

the two atoms (here, we use the standard notation of section [19]. If we use the value of the cross section at

(nlm) to represent the Miller indices of the diffraction
wave vectorG).

In the following, we estimate the performance of the
X-ray switch for the specific case of a GaAs Bragg
reflector for 10 keV X-rays. To obtain quantitative
predictions for the Bragg angle and the scattering effi-
ciency, we consider the geometry shown in Fig. 1. Letus
first focus the attention on the geometry for coherent
phonon generation. The two laser bearks =
Y&, sink it — wt) and E, = (2cos + Ksin6,)

& sin(k5r + wt) are incident on a (001) crystal surface
from nearly opposite directions. Herek) =
K'(2cos6, + %sin @) andk’, = k'(2cos6, — Rsin 6)
wherek’ is the magnitude of the optical wavevector
outsidethe crystal. This geometry was chosen primarily
because (i) it gives phonon wavevectors that are signifi-
cantly larger than those for one-pump configurations
and (ii) it allows us to couple, throudgy, to the optical
mode of GaAs, of symmetiy;s5(T,). Note that, because
their polarizations are crossed, this “linear-perpendicu-
lar-linear” geometry does not produce a periodic varia-
tion of the intensity at the surface. Instead, there is a
periodic linear to circular polarization variation along
%, with period 2r/q = 2w/(k’ sin 6;). The continuity of
the parallel component of the field at the crystal surface
requires that this period is the sainsidethe crystal,
where the field excites the optical phonons. The
coupling is with transverse, as opposed to longitudinal
modes, becausg,, involves ion displacements aloag
which is nearly parallel taK.

X-rays which satisfy the ordinary Bragg condition

the band gap resonance [19], we obtain instead
|Ar|l ~ 1.5x10°2A JYcm®. At the damage
threshold and for, say, 50 fs pulses, we get at the
(004) peakAs/Ag = 0.2. As a result the extinction
depth at this angle will increase. The amount of the
increase depends on the coherence of the beam.
Another way of stating this is that the Darwin width
for the superlattice diffraction peak could be a factor
of ten narrower than the width of the (004) peak. In
practice, imperfections in the crystal and other
problems such as heat-induced stress might limit the
reflectivity at the superlattice Bragg angle, but we
estimate that the reflectivity should be at least 1%,
and could be close to 100% as it is for the main
peak. The displacement angle of a half-milliradian
from the main peak should make this new reflection
readily visible above the coherent and incoherent
backgrounds.

The time structure of the X-ray diffraction will also
depend on geometrical factors in the overlap of the X-
ray and optical beams. To minimize temporal spread-
ing of the pulse, a simple geometry should be used in
which the X-rays co-propagate with one of the two
optical beams. This places the optical beams at the X-
ray Bragg angle. That will, in turn, limit the area of
overlap in the near-surface region to a stripe with
length equal to the optical beam diameter, and width
formed by the convolution of the two beams as they
cross, which is under 100m. This area could be
increased by lengthening the duration of one of the
two laser pulses. As the pulses must overlap in order
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to excite the superlattice, lengthening one beam does
not make the diffracted X-ray pulse longer, but does
increase the effective area of the Bragg mirror.

In conclusion, we have discussed a new type of X-
ray modulator, in which a Bragg reflector is excited by
an optical phonon superlattice. X-ray scattering from
the superlattice can be modulated optically, resulting
in the possibility of ultrafast X-ray switches and other
types of X-ray modulation. We acknowledge many
useful discussions with Roger Falcone and Roy
Clarke. This work was supported by the National
Science Foundation, Grant No. 9414335 and by the
US Army Research Office under Contract No.
DAAH04-96-1-0183.
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